Merkel cells (MCs) constitute a very unique population of postmitotic cells scattered along the dermo-epidermal junction. These cells that have synaptic contacts with somatosensory afferents are regarded to have a pivotal role in sensory discernment. Several concerns exist till date as to their origin, multiplication, and relevance in skin biology. The article, a collective review of literature extracted from PubMed search and dermatology books, provides novel insights into the physiology of MCs and their recent advances.
Introduction
Merkel, a German histopathologist, provided the very first detailed account of Tastzellen which exist in the skin of vertebrates. They were later termed by Robert Bonnet as "Merkel cells." [1] He considered them as conductors of physical stimuli as they were proximate to intraepidermal neurites. Merkel cells (MCs) are postmitotic cells that account for <5% of the total cell population in the epidermis. [2] The origin is still debated that whether they differentiate from epidermal keratinocyte-like cells or emerge from the migrated stem cells of neural crest origin. [2, 3] The functions have been uncertain, but they seem to be involved in neural development and tactile sensation. The cells require ultrastructural methods for their identification as they are difficult to be observed in light microscopy. [4, 5] This article provides a review on the current thinking, distribution, origin, function, demonstration, and fate of the human MCs.
History
Friedrich S Merkel (1875) construed Tastkörperchen and Tastzellen (pertaining to touch) in dermis of birds, oral mucosa, and mammalian epidermis. Considering them to be mechanoreceptors, they were later termed Merkel'sche Tastko¨rperchen and Merkel'sche Tastzellen. [6] Later, the cells were named as MCs and the similar cells that are devoid of contact to nerve terminals also came to be known by the same term. [5, 7, 8] 
Anatomic Distribution
MCs are distributed in both skin and mucosal tissues, the density of which is increasingly noted in the palms, finger pads, feet, and plantar surface of the toes. [9, 10] They are comparatively more in the oral mucosa. [11] MCs are also discerned in the male prepuce, clitoris, and esophagus. [12, 13] MCs are more distributed in the skin exposed to sun than in concealed skin. [14] Histologically, they appear clear and oval, localized in the basal cell layer of the epidermis. [15] In hair follicles, MCs are located either close to the bulge area or near the skin surface in the upper infundibulum. According to the ultrastructural studies, distinct groups of MCs are identified at diverse locations in the body. [16] Origin Since the discovery, the origin of MCs has remained controversial. [17] Various hypotheses are proposed concerning the development of MCs.
The first hypothesis namely neural crest cell (NCC) origin theory is that MCs are derivatives of NCC, since they can secrete neuropeptides and transcription factors (similar to the cells derived from neural crest), can be excited, and can express presynaptic features. [18] In addition, Halata et al. concluded from their researches on chimeric/avians that MCs originate from neural components. [2, 19] In the epidermis developed from the embryos that were deprived of neural precursors, Tweedle identified MCs. [20] Moll et al. observed the presence of MCs in human epidermis, grafted over the dermis of mice which were hampered of neural components. [15] The above researches support the epidermal origin theory that is also substantiated by the expression of keratins of simple epithelia such as CK8, CK18, and CK20 by MCs. [21] The cells are detectable from 8 th week of intrauterine life, not in the dermis but within the suprabasal positions of the epidermis. The population increase exponentially in the subsequent weeks. [22, 23] Since MCs are recognizable and transplantable several weeks before other NCC derivatives reach the fetal epidermis, it was proposed that MCs do not originate from NCCs. [15, 22] One unifying view is that there is premature migration of the MCs both from the neural crest and the epidermis during the 6 th or 7 th week of intrauterine life and that these cells subsequently only undergo further differentiation once in the epidermis. [2] Their differentiation from the pleuripotent cells is governed by the essential transcription factor Atoh1 (Factor atonal hemolog 1). [24] 
Microscopy
The morphologic description is figured principally by using electron microscopy. The cell is ovoid/elliptical, with length of about 10-15 µm. They exist in clusters at the stratum basale closely related to nerve endings [7] [ Figure 1 ]. The surface has spine-or microvilli-like projections that number up to 50 and measure up to 2.5 µm in length. [9] They intertwine with the surrounding keratinocytes by comparatively small, few desmosomes. [25] The nucleus is large, pale, and lobulated with few nucleoli. [26] The most characteristic feature is the electron-dense granules in the cytoplasm, which is about 80-100 nm in diameter, surrounded by narrow electron-lucent spaces and bounded by simple membranes. They are situated away from the Golgi areas and are concentrated in the cytoplasmic areas closely associated with nerve terminations. [18] Intermediate filaments are discerned that may sometimes form tonofibril-like aggregates around the nucleus and neurofilaments. [26] Various zones of specialized synapses appose cytoplasmic membrane with axonal terminal. [27] Several dense core vesicles of about 50-110 nm are concentrated near the juncture with the nerve ending. [28] The MCs in apposition with the afferent sensory nerve endings is also referred to as Merkel's corpuscle/MC-neurite complex/Merkel ending. [26] The axon terminal (tactile meniscus) contains mitochondria and clear vesicles. [29] A single primary afferent type I nerve fiber innervates the complex. [2] Junctions between terminal axons and MCs are formed by adherens junctions/intermediate junctions/belt desmosomes. [30] The cells have a distinctive intranuclear rodlet and vesicles. [18] Sometimes, MCs contain melanosomes that are taken from the melanocytes similar to keratinocytes [31] [ Figure 2 ].
Despite several neurosensitive components being identified by immunohistochemistry, the exact neurotransmitter in the Merkel's corpuscle could not be elucidated. [32] Since the oral mucosa, both in normalcy and pathology, displays numerous noninnervated MCs with secretory phenomena, it suggests that MCs have diverse subsets of cells with distinctive actions. [33] Immunohistochemistry MCs express both epithelial and neuroendocrine markers. The intermediate filaments stain positively for low-molecular-weight cytokeratins such as CK8, CK18, CK19, and CK20. CK20 is an active marker for those MCs in the normal skin. [9] However, cells of taste buds and various epithelia of the gastrointestinal tract also show CK20 positivity. [34, 35] Neuroendocrine immunohistochemical adjuncts such as chromogranin A, protein gene product 9.5, neuron-specific enolase, and synaptophysin are demonstrated. [7] The granules within the MCs are marked positive for opioid growth factor, calcitonin gene-related peptide (CGRP), somatostatin, pancreastatin, bombesin, vasoactive intestinal polypeptide (VIP), serotonin, Substance P (SP), glutamate, adenosine triphosphate, and enkephalin. [7, 36] 
Functions Endocrine and nervous function
Endocrine function is attributed to the fact that the MC granules show striking features similar to the dense-core granules of amine precursor uptake and decarboxylation (APUD) system. [10] MCs located in the terminal hair follicles contain progenitor cells for both growth and regeneration of hair. It is presumed that they play a crucial role in the development of hair follicles and eccrine sweat glands. [37] Merkel's corpuscles may discharge endocrine constituents via autonomic neural regulation. A coexistence of MCs with Langerhans cells inside the bulge area of hair follicles is considered to be a putative reservoir of hair follicle stem cell. [38] Misery developed "Neuroimmunocutaneous system" concept where abundant cellular interactions occur amidst nerve fibers, immune cells, and epithelial cells permit molecular interactions by which functions of epidermal and dermal cells are moderated. [39] The immunohistochemical positivity for chromogranin A, Piccolo, cholecystokinin, Rab-3c, vesicular glutamate transporter 2 reflects the neuroendocrine character of MCs. [40, 41] In the development of the subepidermal nerve plexus in the embryo, MCs are suggested to be involved. [42] Although it is hard to differentiate between the nervous and endocrine actions of MCs, it is recognized that they can perform both functions namely synthesis and storage of local hormones and neurotransmitters. [43] 
Mechanotransduction function
Mechanotransduction refers to the conversion of mechanical energy into electric signals in the peripheral nervous system. [44] Recent researchers have revealed that MCs function as mechanical transducers, which produce impulses in the nerve endings via ionotropic receptors/ligand-gated ion channels. The somatosensory function of the MCs of palatine ridges is supported by the transduction through release of glutamate. [45] An increase in intracellular calcium concentration within the cells is recorded during mechanical stimulation. [46] Mechanical transduction function is validated by various electrophysiological data. [7] Gottschaldt and Vahle-Hinz pointed out that the number of synapses is insufficient so as to generate action potential and hence it was the nerve endings themselves that functioned as transducers and not the MCs. [47] Positive immunohistochemical expression of anti-villin and Epsin antibodies in the micro villis of MCs validates the transduction property. [48, 49] Researches by Woo et al. (2015) concluded that conduction of mechanical stimuli through Piezo 2 ion channels is fundamental for slowly adapting type 1 responses in cutaneous sensory nerve fibers. [50] García-Mesa et al. attributed the immunoreactivity to Peizo 2 to very fine and selective tactile perception but not to hard touch and vibration in afferent fibers. [44] Nociceptive function CGRP and SP released from Merkel's corpuscles are the active mediators for transferring nociceptive signals and are consistent in reaction to irritating substances. [51] Solitary chemoreceptor cells (SCCs) are the specialized chemosensory cells in the olfactory epithelium that synapses with trigeminal afferent nerve fibers. [52] Functional studies indicate that they can detect inhaled noxious substances. Immunoreactivity for CK20 by both SCCs and MCs shows that they are correlated. [40] Role in immunity and inflammation CD200 protein, vital for inflammatory reactions and immune tolerance, is strongly expressed by MCs. Antigen presentation by Langerhans cells that reside in the stratum spinosum of epithelium is inhibited by CGRP produced by MCs. Met-enkephalin, VIP, and stomatin released by MCs are potent inflammatory mediators. Quantitative increase of MCs in psoriatic lesional skin signifies its role in cutaneous immunology. [53] 
Presumptive functions
Though not widely accepted, the following roles are proposed, which can serve as a platform for further research. As MCs are dense within the epidermal ridges of nonhairy skin, they may be involved in fingerprint pattern. Electromagnetic fields for telekinesis may be generated by MCs on the basis of their efferent neural signaling capacity. The diverse distribution and neurocutaneous signaling may let MCs transduce environmental signals to oocytes so as to modify epigenetic imprinting. MCs are proposed to have magnetoreception property, i.e., production of a receptor potential due to movement of melanosome within changing electromagnetic field. This is hypothesized as MCs occasionally contain transferred melanosome which magnetize. [53, 54] 
Merkel Cell-Like Cells
MCs have a striking resemblance to the endocrine-paracrine (APUD) cells of the epithelium of the genitourinary tract and bronchial mucosa. [7, 10, 54] Adjacent to the MCs, in the basal layer of the epidermis and in the mucosa of ectodermal origin, pale ovoid cells with dense core granules with multiple nuclear pores on the oval nuclei are detected. Those cells lack contact with nerve terminals, have minimal intercellular junctions, and are devoid of cytoplasmic processes. In a single cell profile, the granules are adjacent to the Golgi complex in the apical surface rather than the basal surface. [7, 55] Apprehensible information regarding their function is incomplete, and it is obscure whether these cells have the same origin as that of MCs. [7] 
Fate of Merkel Cells
MCs degenerate and are significantly reduced in number after denervation, but they never disappear completely. [56] They continue to survive in transplanted cutaneous flaps and their sustenance is strongly correlated with the recovery of the tactile sensation. [57] 
Merkel Cells and Skin Lesions
Serum autoantibodies against MCs are described in graft-versus-host disease and pemphigus vulgaris. MCs are undetected in lesional skin of active vitiligo which points to their neural involvement or autoimmune destruction. MC hyperplasia along with keratinocyte hyperproliferation is a frequent histological finding in adnexal tumors namely trichoblastomas, sebaceous nevus, and hidradenomas. [2, 58] The increased cell number is often encountered with hyperplasia of nerve terminals that exist in neurilemmoma, neurofibroma, prurigo nodularis, and lichen simplex chronicus. [2] MC carcinoma is a very rare, rapidly growing, cutaneous neuroendocrine malignancy encountered in head-and-neck region with propensity to recur and metastasize which is believed to be derived from MCs due to its similarity in histopathology. [59] [60] [61] 
Conclusion
MCs are highly specialized nonkeratinocytes that are localized in touch-sensitive areas of the hairy and glabrous skin. It is still ambiguous whether the cellular origin is from epidermal elements or NCCs. They play pivotal roles in mechanoreceptor, neuro-endocrine, and nociceptive responses. Cells that are similar in morphology are identified, the exact functions of which are unclear. The cell proliferation is well documented in pathologies associated with neural and keratinocyte hyperplasia. Knowledge of the processes underlying MC specification will be relevant for a better understanding of the disease mechanisms implicated by the cells. It is very relevant in this era of high incidences of MC carcinoma that MCs should be explored in depth both functionally and phenotypically. Challenging and exciting years lay ahead of MC research community that can unveil the complex molecular mechanisms underpinning the human MC biology.
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